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INTRODUCTION
The complete and accurate replication of the genome is essential to maintain genome integrity.
Replication forks face many obstacles that can result in replication fork stalling or replication fork collapse. Proteins initially identified on the basis of their roles in homologous recombination (HR) are now known to have key functions during replication stress 1, 2 . HR proteins act to protect and remodel stalled replication forks, and re-construct functional replication forks following fork collapse. As a result of these activities, HR proteins are critical to the ability of cells to restart stalled and collapsed replication forks.
The central HR protein, RAD51, forms helical nucleoprotein filaments on tracts of single strand DNA (ssDNA), such as those formed by nucleolytic processing of the DNA ends at the sites of DNA double strand breaks (DSBs). Once RAD51 filaments form on tracts of ssDNA, the protein alters the structure of the ssDNA, allowing the nucleoprotein filament to catalyze a homology search to identify an identical or nearly-identical sequence in duplex DNA, and then carry out exchange of the bound ssDNA strand with the "like" strand of the homologous duplex 3 . In this way, the homology search and strand exchange activity of RAD51 acts to form a homologous joint between a broken chromatid and its intact sister chromatid, leading to accurate repair of the DSB.
In addition to its role in repair of DSBs, RAD51 has three separate roles at stalled replication forks. First, RAD51 promotes replication fork reversal 4, 5 . Replication fork reversal involves branch migration in the direction opposite to replication forming a Holliday junction-containing "chicken foot"
structure. Second, RAD51 protects tracts of newly-synthesized "nascent" DNA from degradation. Initial resection of the reversed forks by MRE11, EXO1, and DNA2 produces a ssDNA overhang at reversed forks 5, 6 . The formation of a stable RAD51 filament on the resulting ssDNA overhang prevents extensive degradation of reversed forks. Nascent ssDNA degradation occurs in cells with partial inhibition of RAD51 expression or activity in response a variety of DNA damage agents [7] [8] [9] [10] [11] 16 . Nascent DNA degradation also occurs in cells lacking proteins required to load RAD51 on ssDNA such as BRCA1,BRCA2, FANCD2, and the RAD51 mediators including RAD51C and XRCC2 5, 7, [12] [13] [14] [15] . The degradation phenotype observed in these cells results from the inefficient nucleation and/or stabilization of RAD51 filaments at the reversed fork 5, 14, 15, 17 . Three nucleases involved in DNA end resection, MRE11, EXO1, and DNA2 are responsible for the degradation of nascent DNA strands. MRE11 and EXO1 degrade forks in cells with defects in RAD51 filament formation and stabilization. DNA2 degradation has been observed under two conditions. First, mutant cells in which RAD51 is efficiently loaded onto reversed forks, but filament stability is decreased results in DNA2-dependent degradation 18 .
Second, prolonged HU treatment results in DNA2-dependent degradation that occurs even without manipulations that decrease RAD51 filament stability 6, 11 . Depletion of RADX, a single stranded binding protein that negatively regulates RAD51 at reversed replication forks, prevents excessive MRE11-and DNA2-dependent degradation that results from defects that reduce RAD51 filament formation or RAD51 filament stability 11 . However, depletion of RADX did not prevent DNA2-dependent degradation after prolonged HU treatment, indicating degradation occurs independently of RAD51 filament stability. Finally, RAD51 plays a role in restart of stalled or collapsed replication forks 19 .
Collapse of replication forks may sometimes occur as a consequence of collision of forks with a single strand nick in the template and has been to shown to occur as a consequence of enzymatic cleavage of reversed forks by structure-specific endonucleases including MUS81 [20] [21] [22] . Repair of the resulting DSB by HR to reinstate the replication fork requires RAD51 and MRE11 activity 19, 23, 24 .
Although it is clear that RAD51 is required for protection of nascent DNA strands from MRE11, replication fork remodeling, and fork restart, the molecular mechanisms underlying RAD51's role in each of these functions remains to be determined. One particularly important question is whether and to what degree RAD51's homology search and strand exchange activity is required for each its roles during the replication stress response. The ability of RAD51 to promote nuclease protection at stalled forks and/or HR can be separated from its ability to promote fork reversal. Partial knockdown of RAD51 resulted in MRE11-dependent degradation of replication forks, but knockdown to low levels of RAD51 rescues fork deprotection by preventing replication fork reversal 11 . RAD51-dependent replication fork reversal is BRCA2-independent 5,17 even though protection of reversed forks from pathological degradation by MRE11 is BRCA2-dependent. In addition, replication-associated sister chromatid exchange has been observed in BRCA2-deficient cells that display defects in DSB-dependent HR and RAD51 immunostaining focus formation 25 . Another important study showed cells that co-express RAD51 WT with RAD51 T131P, a dominant-negative allele of RAD51 that forms unstable nucleoprotein filaments due to constitutive ATPase activity, are HR proficient, undergo fork reversal, but do not protect forks from degradation by MRE11 or DNA2 5, 11, 18 . However, the ability of RAD51 T131P to specifically disrupt fork protection is only seen in cells co-expressing RAD51 WT at a ratio that delays RAD51 focus formation, but does not inhibit HR (e.g. in heterozygous, patient-derived cells) 18 ; RAD51 T131P protein does not form immunostaining foci and high levels of mutant protein inhibits focus formation of endogenous RAD51. This finding suggests that RAD51 T131P partially inhibits the function of wildtype RAD51 resulting in the observed separation of function. Another mutant allele of RAD51, RAD51 K133R, which is defective in ATP hydrolysis was found to rescue MRE11-dependent fork protection in FANCD2-deficient and BRCA2-deficient cells. However, human RAD51 K133R retains strand exchange activity in vitro 26, 27 and can promote significant amounts of HR in vivo, although human RAD51 K133R-mediated HR has only been observed in chicken DT40 cells 27 .
Given that RAD51 K133R lacks ATPase activity which is involved in promoting filament disassembly 26 , it is possible that the HR defect observed in human cells expressing the mutant protein results from a post-strand exchange block to RAD51 filament disassembly rather than from a defect in strand exchange. Thus, the prior work that separated functions of RAD51 during replication stress did not specifically test the role of the protein's enzymatic homology search and strand exchange activity. In this context it should be noted that both ensemble and single molecule biochemistry have shown that only 8 bp of homology are required for meta-stable homology-recognition by RAD51 family strand exchange proteins 28, 29 . Given the binding stoichiometry of RAD51 to DNA (1 protomer per 3 nucleotides), filaments too short to be detected as immunostaining foci could, in principle, promote strand exchange at stalled replication forks. Thus, strand exchange could be a residual activity of partially-defective RAD51 during replication stress, even in cells defective in RAD51 focus formation, such as BRCA2-deficient cells.
During strand exchange reaction, RAD51 utilizes two distinct binding sites. RAD51 forms nucleoprotein filaments on resected single strand DNA via a high-affinity binding site (site I). The RAD51 nucleoprotein filament searches intact dsDNA for homologous sequences by binding a second low affinity binding site (site II), consisting of a cluster of positively charged residues the lie on the interior surface of the helical filament 30 . This cluster binds backbone phosphates of dsDNA regions being searched, and also continues to bind the out-going ssDNA strand once strand exchange occurs 31 .
In S. cerevisiae, RAD51 containing mutations in site II (II3A) retains the ability to form nucleoprotein filaments, but is fully-defective in homology search and strand exchange in vitro and highly-defective in mitotic HR in vivo 30 .
Here, we disrupt the secondary binding site on human RAD51 to determine the role of strand exchange activity in response to replication stress. Our results provide definitive evidence that the strand exchange activity of RAD51 is not required to protect stalled forks from MRE11 degradation, as expected. Surprisingly, we also show that strand exchange activity is not required for RAD51-dependent remodeling of stalled forks to a form that permits DNA2-dependent degradation of nascent DNA. In contrast, we provide evidence that RAD51 promotes replication restart by both strand exchangedependent and strand exchange-independent mechanisms. Cytological and knock-down experiments
show that cells expressing a strand exchange-defective form of RAD51 accumulate collapsed replication forks and undergo frequent new origin firing in response to HU-induced replication stress.
RESULTS
hsRAD51-II3A retains significant DNA binding activity, but is defective for D-loop formation.
To characterize the molecular functions of human RAD51's DNA binding and strand exchange activities during replication stress, we constructed an allele of human RAD51 corresponding to the S.
cerevisiae rad51-II3A allele 30 . The corresponding human RAD51-II3A (hsRAD51-II3A) protein has 3 amino acid residues, R130, R303, and K313 changed to alanines. To determine if the mutant human protein (hsRAD51-II3A) had the same properties as its budding yeast counterpart, we purified hsRAD51-WT and hsRAD51-II3A proteins (Supplemental Figure 1a) . We analyzed the nucleoprotein filament forming and strand exchange activities of the two forms of RAD51 using biochemical assays.
Using fluorescence polarization (FP), we measured binding of the two forms of the protein to a Alexa84-tagged 88-nt ssDNA oligo 32 . Titration showed that the two proteins have similar binding activities to this oligo, the apparent Kd's for hsRAD51-WT and hsRAD51-II3A were 57 ± 1 nM and 132 ± 5 nM, respectively ( Figure 1a) . Thus, hsRAD51-II3A displays only a modest DNA binding defect in this assay. Next, we examined the homology search and strand exchange activity of hsRAD51-II3A
with a D-loop assay that employs a 90-nt single strand oligonucleotide and a 4.4-kb supercoiled plasmid carrying a dsDNA sequence identical to the sequence of the oligonucleotide (Figure 1b) . In this assay, Treatment with RAD51 siRNA reduced expression of the endogenous protein to less than 7% of that observed in the siNS control (Supplemental Figure 1b) . Both hsRAD51-WT and hsRAD51-II3A were expressed at the same level, which was ~5 fold higher than that seen for the endogenous protein in the non-silencing siRNA (siNS) control (Supplemental Figure 1b) . To determine if hsRAD51-II3A is defective in HR, we employed the DR-GFP assay 37 . Consistent with our biochemical observations, these data indicate human hsRAD51-II3A is able to form RAD51 nucleoprotein filaments with normal efficiency, but is defective for HR in vivo.
hsRAD51-II3A protects nascent DNA strands from MRE11-dependent degradation
We next sought to elucidate the molecular function of RAD51's strand exchange activity during perturbed replication, using the DNA fiber assay to measure the ability of cells treated with the replication inhibitor HU to protect nascent DNA strands from degradation. Nascent DNA undergoes hsRAD51-II3A replication tracts undergo DNA2-dependent degradation after prolonged HU treatment MRE11-dependent degradation in human cells can be prevented by inhibiting replication fork reversal or by stabilizing RAD51 filaments on a reversed forks 7, 12, 14, 15, 17 . To distinguish between these two possibilities, we examined replication tract lengths in hsRAD51-II3A expressing cells after prolonged HU treatment. Prolonged exposure to HU (4 mM HU for 8 hours) was previously shown to result in nascent strand degradation by the nuclease DNA2 in U2OS cells without manipulations that decrease RAD51 levels or filament stability 6 . Under these conditions, DNA2-dependent degradation is dependent on RAD51-mediated fork reversal 6 . As indicated by a previous study 6 , the ability of DNA2 to degrade forks after prolonged HU treatment can be used as a readout of efficient fork reversal in U2OS cells 8, 11 .
We examined fork degradation by pulsing cells with CldU followed by IdU before treatment with HU for 8 hours and measured the ratio of IdU to CldU (Figure 3a) . These results confirm DNA2, and not MRE11 is responsible for degradation under these conditions.
Depletion of RAD51 did not result in tract degradation under any treatment condition. These findings confirm that RAD51 remodels HU stalled replication forks to provide a substrate for DNA2-mediated degradation 6 . hsRAD51-II3A expressing cells exhibited a significantly reduced CldU:IdU ratio (0.75±0.62 µm to 0.62±0.30 µm, p-value <0.005) that was rescued by depletion of DNA2. Treatment with mirin has no effect on the CldU:IdU ratio in hsRAD51-II3A expressing cells. We obtained an equivalent result when we measured total tract length after pulsing cells with CldU (Supplemental Figure 2c ). These results confirm that, in contrast to expectation 4 , the strand exchange activity of RAD51 is not required to remodel stalled replication forks to a form that is sensitive to DNA2-mediated degradation. results also raise the possibility that the strand exchange defective form of RAD51 can promote more restart than occurs when RAD51 levels are dramatically repressed. The alternative possibility is that hsRAD51-II3A has residual strand exchange activity in vivo, in spite of our inability to detect such activity biochemically. However, this seems unlikely because hsRAD51-II3A did not exhibit higher HR activity in vivo using the DR-GFP assay compared to RAD51-depleted cells ( Figure 1 ).
Next, we examined cells for new origin firing following a period of replication blockage by HU.
New origin firing can be detected in the same double labeling experiments described above, by the presence of tracts containing only IdU labeling. We observed very little or no new origin firing (<5%) in These data indicate that replication fork blockage by HU leads to more new origin firing in cells expressing hsRAD51-II3A, than in cells expressing hsRAD51-WT or in cells blocked for RAD51
expression.
53BP1 foci accumulate in hsRAD51-II3A cells after HU treatment
Replication fork blockage by HU can lead to fork collapse, a process that creates a broken DNA end that recruits DNA break proteins including 53BP1 [41] [42] [43] [44] [45] . Replication stress-induced fork collapse and associated DNA break signaling have been shown to lead to the firing of new origins 19 . Given prior evidence for a functional association between new origin firing and fork collapse, we hypothesized that the new origin firing we observed in HU-treated hsRAD51-II3A cells is a consequence of an increased frequency of fork collapse. We therefore tested for evidence of collapsed fork accumulation specifically in S-phase cells by staining with the 53BP1, which is known to localize to DSBs, and the replication fork specific marker PCNA 46, 47 . After 8 hours in HU, the siNS and hsRAD51-WT positive controls, and the siRAD51 negative control, showed a 7-fold increase in the average number of 53BP1 foci /cell (20.5±9.6 53BP1 foci/cell compared to 2.9±3.8 foci per cell prior to HU treatment; Figure 5 ).
Expression of hsRAD51-II3A cells resulted in a significantly greater (11-fold) increase in 53BP1 foci after 8 hours HU treatment (47±0.8 53BP1 foci/cell; p-value<0.005) as compared to the untreated sample. In addition to being recruited at broken DNA ends formed by fork collapse, 53BP1 may form foci at DNA ends of reversed forks (i.e. the "middle toe" of the chicken foot) 44 , and is recruited to stalled forks early in the replication response 48 . As a means of determining if the observed 53BP1 foci that accumulate in RAD51-II3A expressing cells were due to fork collapse mediated by MUS81, we asked if the observed accumulation could be reduced or eliminated by siMUS81 ( Figure 5 , Supplemental Figure 3) . Indeed, depletion of MUS81 reduced the number 53BP1 foci in siNS, siRAD51, and hsRAD51-WT expressing cells 1. Figure 3) . Together, the results suggest that hsRAD51-II3A causes more accumulation of collapsed forks following 8 hr HU treatment than occurs in cells expressing equivalent levels of hsRAD51-WT, and also more than in cells expressing very low levels of RAD51. The possible mechanistic basis for these observations is discussed below.
DISCUSSION
RAD51 has been implicated in several steps in the response to replication stress including fork protection, replication fork remodeling, and replication fork restart. Here, we utilized a RAD51 mutant allele that retains DNA binding activity, but is defective in strand exchange to gain mechanistic insight into the role of RAD51 at stalled replication forks. Previous studies have suggested that stabilization of RAD51 filaments is sufficient to protect from MRE11 dependent-degradation 7, 12 . This study utilized the RAD51-K133R mutant that is defective for HR-mediated repair, but has robust strand exchange activity precluding the use of this mutant to definitively determine if RAD51 DNA binding activity alone is sufficient to protect from MRE11-dependent degradation 26, 27 . We found that the ability of RAD51 to protect nascent strands from MRE11-mediated degradation is independent of strand exchange activity in both BRCA2-and FANCD2-deficient cell lines supporting the hypothesis that RAD51 filament formation is sufficient to protect replication forks from pathological degradation. Our results provide additional insight into the mechanism of RAD51-dependent replication fork remodeling by showing that degradation of reversed forks by DNA2 does not require RAD51's strand exchange activity. We further
show that the strand exchange activity of RAD51 is required for efficient replication restart after prolonged HU exposure.
Prolonged HU treatment of cells results in DNA2-dependent degradation that is not dependent on BRCA2-RAD51 fork protection, but depends on RAD51-dependent replication fork reversal 6, 11 . We provide evidence that the strand exchange activity of RAD51 is not required for DNA2-dependent degradation of stalled forks under conditions of prolonged replication stress suggesting that DNA evidence for a pathway of fork reversal that depends on both the non-enzymatic activity of RAD51 and on FBH1. Importantly we see no difference the level of DNA2 sensitivity in cells blocked for FBH1 expression when cells expressing RAD51-WT or RAD51-II3A are compared. This finding implies that the strand exchange activity of RAD51 cannot substitute for FBH1 in promoting fork reversal under these conditions. We cannot rule out the possibility that RAD51 strand exchange activity is capable of promoting fork reversal in other types of human cells, but that strand exchange-independent mechanisms involving fork remodeling proteins such as SMARCL1, ZRANB3, and FBH1 predominate in U2OS cells.
hsRAD51-II3A cells promoted significant restart after 5 hours HU treatment, but were highly defective in replication restart after longer (8 hours) treatment with HU. Together, our results lead us to a model for three distinct pathways to restart stalled replication forks, one that is RAD51-dependent, strand exchange-dependent; a second that is RAD51-dependent, strand exchange-independent; and a third that is RAD51-independent. Further, our results indicate that the RAD51-dependent, strand exchange-dependent mechanism is more predominant after 8 hours of exposure to HU as compared to 5
hours of exposure, while the converse is true for the RAD51-dependent, strand exchange-independent mechanism. These data are consistent with a previous study that identified an early, cleavageindependent restart pathway involving 53BP1 and a late, HR-dependent pathway involving BRCA1 48 .
Further studies are required to determine if the role of RAD51 early in the replication stress response depends on 53BP1 or if this pathway represents the RAD51-independent pathway identified by our results. Our results are also consistent with work using an allele of S pombe rad51 that was modelled on S. cerevisiae Rad51-II3A, but not biochemically characterized. That work led to the proposal that strand exchange activity coded by S. pombe rad51 + is dispensable for replication fork protection from Exo1, but required for efficient fork restart 54 .
Combining all the data, we propose the following model for RAD51-dependent replication fork remodeling and restart ( Figure 6 ). At early times after fork blockage, binding of RAD51 to DNA is sufficient to protect the replisome by preventing excessive uncoupling of the replication fork; thereby preventing significant ssDNA accumulation. After fork reversal and processing of regressed arms by MRE11, EXO1, and/or DNA2, RAD51 loading onto the regressed arm prevents pathological degradation by nucleases. When the replication block is removed, reversed forks can be resolved by the action of helicases such as RECQ1, reinstating the replication fork 55 . In contrast, prolonged stalling of a replication fork results in the formation of an intermediate that requires the strand exchange activity of RAD51 for restart. One possibility is that MRE11-and DNA2-mediated resection of the "middle toe" of the reversed fork provides a single-stranded overhang that serves as a substrate for formation of a RAD51 nucleoprotein filament. In this instance, RAD51-mediated strand invasion is used to reinstate the replication fork. Alternatively, endonucleolytic cleavage of reversed fork intermediates by nucleases such as MUS81 and SLX4 may form collapsed fork structures containing single-ended DNA breaks 56, 57 .
These structures are expected to require RAD51-mediated strand exchange to restore functional forks 19 .
Consistent with this, hsRAD51-II3A expressing cells accumulate 53BP1 foci that are dependent on MUS81 activity, indicating that a substantial fraction of the accumulated foci represents collapsed replication forks formed by MUS81 cleavage. hsRAD51-II3A expressing cells also exhibit increased origin firing. These phenotypes are associated with the accumulation of collapsed replication forks 19 .
Interestingly, the collapsed fork-associated phenotypes observed in hsRAD51-II3A expressing cells are more severe than those observed in RAD51-depleted cells. This observation suggests that replication fork remodeling mediated by hsRAD51-II3A traps replication restart intermediates that cannot be resolved by RAD51 strand exchange-independent pathways. The partial dependency of 53BP1 foci on MUS81 suggests that a major fraction of the trapped intermediates are collapsed forks, but it is possible that the processing of unbroken reversed forks is also blocked by RAD51-II3A, given prior evidence that 53BP1 can localize to replication forks prior to DSB formation 44, 48 .
Here, we demonstrate RAD51 DNA binding activity alone is sufficient for replication fork protection and reversal, but strand exchange activity is required for a significant fraction of replication fork restart. Future work will determine precisely what types of replication-associated structures require the strand exchange activity of RAD51. It will also be of interest to determine if strand exchange activity of RAD51 has additional roles at replication forks under conditions which require repair of a physical lesion (e.g. interstrand crosslinks), or conditions that only result in a moderate reduction in replication fork speed (e.g. UV-light induced damage) 10, 18 . 
ONLINE MATERIAL AND METHODS

Expression
D-loop assay.
The assay was performed essentially as described previously 58 . Reactions were carried out in 25 mM Tris-HCl (pH 7.8); 1 mM MgCl 2 , 1 mM ATP, 1 mM DTT, 50 µM CaCl 2 , and 100 µg/ml BSA; ssDNA (90 mer sequence 5'TACGAATGCACACGGTGTGGTGGGCCCAGGTATTGTTAGCGGTTTGAAGCAGGCGGCAGA AGAAGTAACAAAGGAACCTAGAGGCCTTTT ) was used at 3.6 µM nucleotide or 40 nM); negative supercoiled plasmid was pRS306 at 5 nM (22 µM bp).
Cell culture. U2OS DR-GFP cells were grown in DMEM (Gibco) supplemented with 10% Fetal Bovine Serum. The authenticity of the cell line was validated previously by short tandem repeat profiling at the Genetic Resources Core Facility at John Hopkins School of Medicine (Baltimore, MD) 59 .
Cell line was monitored monthly for mycoplasma contamination. siRNA sequences. siRNAs were transfected using Lipofetamine RNAiMAX as per manufacturer's instructions (Invitrogen). The All-Star negative control (siNS) siRNA was used as a control (Qiagen).
Expression of RAD51 in U2OS cells
The following siRNA sequences were used in this study.
siRAD51 5' GACUGCCAGGAUAAAGCUU was used in a previous study 60 .
siDNA2 5' CAGUAUCUCCUCUAGCUAG was used in a previous study 6 .
siFANCD2 5' CAGAGUUUGCUUCACUCUCUA was used in a previous study 61 siMUS81 5' CAGCCCUGGUGGAUCGAUA was used in a previous study 62 .
siFBH1 5' GGAUGUUUGCAAGAGAGUCAGGAAA Nascent DNA fiber assay. Cells were pulsed with CldU (50 µM), or CldU (50 µM) followed by IdU (150 µM) were treated with HU (4mM) for the indicated times. Tract lengths were measured using Image J. To measure replication restart, cells were pulsed with CldU (50 µM) before treatment with 4mM HU for the indicated times. HU was removed and cells were pulsed with IdU (50 µM). Mirin (50 µM) was added 30 minutes prior to the pulse with CldU and was present throughout the experiment.
The nascent DNA fiber assay was performed as previously described 33 . At least 150 replication tracts were measured for each condition. The plots represent pooled data from at least two independent experiments. Statistical significance was determined using Mann-Whitney U test.
RAD51 and 53BP1 focus formation. 48 hours after transfection with siRNAs, cells were treated with 4 mM HU for the indicated times. For RAD51 focus formation, cells were treated with 6 Gy using a maxitron x-ray generator. Cells were fixed and stained as previously described 33 . Dot plots represent 50 nuclei combined from two independent experiments. As with the pooled data, expression of RAD51-WT and RAD51-II3A exhibited significantly more RAD51 foci in the individual, separate experiments when compared to siRAD51 (p<0.05), but did not significantly differ from irradiated siNS cells (p>0.05).
Antibodies used in this study are as followed: RAD51 is a rabbit polyclonal antibody against purified human RAD51 (1:1000, Pacific Immunology). 53BP1 (1:1000, NB100-304) was from Novus Biologicals and PCNA (1:1000, IG7) was from Abnova. Dot plots represent combined data from two independent experiments. Statistical significance was determined by the Wilcoxon Rank Sum Test.
Western blotting. Western blotting was done as previously described 59 . Anti-DNA2 (1:500; ab96488), Anti-MUS81 ( 1:1000, ab14387), and anti-FBH1 ( 1:100, ab58881) were from Abcam. Anti-FANCD2
(1:1000, NB100-182) was from Novus Biologicals. Proteins were detected using a C-DIGIT blot scanner (Licor).
DR-GFP assay. U2OS cells containing the DR-GFP construct stably integrated into the genome were transfected with a plasmid expressing I-SceI (pBAS) or an empty vector (pCAGG) after the indicated treatments 37 . After 48 hours, cells were collected and the percentage of cells expressing GFP was determined by flow cytometry (LSR II, BD Biosciences). Statistical significance was determined using a two-tailed t-test. 
